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a b s t r a c t
Petiole-NO3 , leaf N and chlorophyll (SPAD) meter readings are good in-season indicators of the N status
of the uppermost part of cotton (Gossypium hirsutum L.) plants. Petiole-NO3 , particularly is widely used in
the USA as an in-season plant N test that guides N fertilizer recommendations in cotton. However, these
N status indicators do not take account of plant biomass, canopy width or percent cover. The objectives of
this study were to assess the effect of N fertilizer rates on the commonly used indicators of plant N status;
leaf N, petiole sap NO3 and chlorophyll meter (SPAD) readings and the plant growth measurements; plant
height, canopy width, and percent ground cover, and determine to inter-correlations among the them.
Irrigated ﬁeld studies were conducted at Lubbock, TX USA in 2010 and 2011, New Deal, TX in 2010, and at
Halfway, TX in 2011. Zero-N and a full N fertilizer rate of 134, 101, and 112 kg N ha−1 were used at Lubbock,
New Deal, and Halfway, respectively. The 2010 cotton growing season in West Texas was much wetter
than average, and the 2011 season was much drier than normal. As a result, plant height, canopy width,
and ground cover were greater in the 2010 sites than in 2011. The effects of N fertilizer were greatest for
the two cultivars in subsurface drip irrigation (SDI) at New Deal in 2010 for all three N status indicators,
and for the three plant growth measures compared to the other site-years. Correlation analysis indicated
that among the three plant N indicators, leaf N was the most sensitive to plant parameters. These effects
were positive in 2010 and negative in the 2011 dry year. Petiole NO3 was the plant N indicator that was
the most insensitive to plant growth, but the marked seasonal decline pattern reduces its usefulness for
late-season N management.
Published by Elsevier B.V.

1. Introduction
Nitrogen is the most important nutrient required in cotton.
However, cotton is an indeterminate plant, so balancing vegetative
and reproductive growth is crucial for crop production. Excess N
application can promote excessive vegetative growth (Gerik et al.,
1998), which in turn delays boll maturity (Jackson and Gerik, 1990)
and increases susceptibility to disease and boll rot (Oosterhuis,
2001). Insufﬁcient N, on the other hand, limits boll production and
yield (Stewart, 1986; Ramey, 1986).
Nitrogen fertilizer has been shown to increase leaf number and leaf area (Bondada et al., 1996), plant height (Gardner
and Tucker, 1967), number of nodes (Jackson and Gerik, 1990),
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number of bolls (Jackson and Gerik, 1990; Boquet et al., 1994), and
individual boll weight (Bondada et al., 1996). On the other hand,
symptoms of N deﬁciency are readily identiﬁable. Nitrogen deﬁcit
decreases production of chlorophyll (Radin and Mauney, 1986;
Hay and Porter, 2006), causing chlorosis (Stewart et al., 2010) and
limiting the photosynthetic capacity of the plant. Leaf expansion is
also affected by N deﬁciency (Radin and Mauney, 1986), the size of
the youngest leaves remains small (Stewart et al., 2010), and the
leaf area index remains low (Jackson and Gerik, 1990; Fernandez
et al., 1996). Nitrogen-deﬁcit plants characteristically have stunted
height, shortened petioles, and thin stalks (Grundon, 1987).
The conventional methods of assessing plant available N for cotton in the Western US are pre-plant soil NO3 testing, and in-season
plant tissue N and petiole sap NO3 analysis (Silvertooth et al., 2011;
Sabbe and Hodges, 2010; Sabbe and Zelinski, 1990). Although these
methods are reliable, they are also time-consuming and expensive. The advantages of testing for leaf N compared to petiole sap
for N concentration analysis in cotton has been reported by several researchers (Read et al., 2002; Buscaglia and Varco, 2002 and
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Bronson et al., 2003). Zhao et al. (2010) found that the seasonal pattern of N concentrations derived from the entire plant canopy was
consistent to the analysis obtained from uppermost, fully expanded
leaves. Many researchers have explored the potential of the chlorophyll (SPAD) meter as an alternative method to assess plant N,
with varying results (Wood et al., 1992; Bronson et al., 2001). Since
chlorophyll contains the majority of N in leaves (Takebe et al., 1990;
Yoder and Pettigrew-Crosby, 1995), leaf N content can be estimated from leaf chlorophyll concentration. Bronson et al. (2001)
reported that SPAD readings were less variable than petiole NO3
meter readings for assessing N status in cotton at blooming. However, Wiedenfeld et al. (2009) found petiole sap readings to be more
closely related to N rate than leaf N or SPAD measurements. On
the other hand, factors such as crop age, plant species, leaf–soil
water status, time of measurement and irradiance level can affect
how well SPAD readings do in distinguishing exhibiting N treatment effects (Wood et al., 1992; Bronson et al., 2001; Wiedenfeld
et al., 2009; Martinez and Guiamet, 2004).
Bronson et al. (2003) reported that both leaf N and SPAD
readings could be used to guide N fertilization rates as early
as at squaring. Rosolem and Van Meliss (2010), and Malavolta
et al. (2004) found that the efﬁciency of SPAD in distinguishing N
contents was viable well into ﬂowering. However, the use of SPAD
meter still requires the contact with the leaves. The practical application of SPAD meter is limited by time and labor factors when it
was used in a large ﬁeld with high N variability (Osborne et al.,
2002; Peterson et al., 1993).
Plant growth indicators such as plant height has been used
to provide estimates of crop yield and N status, in combination
with spectral reﬂectance of the respective crops. Thenkabail et al.
(2000) found that the accuracy in estimating plant height could be
improved by using reﬂectance in narrow spectral wavebands in the
red and NIR regions (R2 = 0.64). Freeman et al. (2007) developed a
3-dimensional index based on the multiplication of NDVI and plant
height to estimate corn biomass at early and later stages (R2 = 0.66
and 0.45), yield (R2 = 0.62 and 0.64), and N uptake (R2 = 0.77 and
0.46). Liu and Wiatrak (2011) proposed the use of plant height,
NDVI and LAI in estimating corn grain yield. Sui and Thomasson
(2006) found that plant height in combination with reﬂectance
in visible spectral bands represented the best estimator for cotton N status (R2 = 0.50 to 0.51). Jones et al. (2007) utilized plant
height and ground cover measurements to estimate plant biomass
for spinach (R2 = 0.91).Shaver et al. (2011) reported that the inclusion of plant-related data such as leaf N content and plant height
did not markedly increase the ability of NDVI to estimate corn N
status or grain yield (R2 from 0.88 to 0.95). This may be related
to the long-standing problem of “saturation” of NDVI at maximum
biomass or plant height.
Ground cover or vegetation fraction is deﬁned as the fraction
of an area covered with plant canopy (Maas, 1998). Since different
N application rates can induce differences in physiological parameters as such chlorophyll concentration, leaf are index (LAI) and
biomass (Milroy et al., 2001; Bronson et al., 2005; Zhao et al., 2007),
percent ground cover can also provide information regarding crop
growth and health independent of chlorosis. Therefore, ground
cover can be a valuable measure of crop growth and N status.
This parameter has been found to be highly correlated with spectral reﬂectance in multiple crops (Colwell, 1974; Verstraete and
Pinty, 1991), including cotton (Huete et al., 1985; Maas, 1997;
Ritchie et al., 2010). Jackson et al. (1979) used ground cover and
ratio of plant height to width to model the components of spectral reﬂectance for incomplete canopy covers. In a study to model
cotton canopy reﬂectance by using physiological parameters, Maas
(1997) found that canopy width was consistently related to the
ratio of leaf area per plant per plant spacing. Maas (1998) also developed and tested a method to estimate cotton ground cover from
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scene reﬂectance by accounting for three main reﬂectance components which were plant, bare soil and shadow. However, there
are few studies that explores the effects of ground cover or canopy
width on plant N status.
The objectives of this study were to:

(1) assess the effect of N fertilizer rate on leaf N, petiole NO3 , chlorophyll meter readings plant height, plant width, and ground
cover, and to determine inter-correlations among these plant
N indicators and plant growth parameters.
(2) Compare leaf N, petiole NO3 , and chlorophyll meter readings as
in-season indicators of plant N status, especially as affected by
the plant height, plant width, and ground cover.

2. Materials and methods
2.1. Experimental sites and designs
In 2010, N fertilizer experiments were conducted at the
Texas Tech University Quaker Avenue Research Farm (33.598◦ N,
101.906◦ W) and the Texas AgriLife Research and Extension Center
(33.690◦ N and 101.827◦ W), in Lubbock County, Texas. Henceforth,
these experimental sites will be referred to as Lubbock and New
Deal. In 2011, a study site at the Texas AgriLife and Extension Center
in Halfway (34.147◦ N, 101.948◦ W), in Hale County, Texas was used.
The soil types at Lubbock, New Deal and Halfway are Acuff sandy
clay loam, Lubbock sandy clay, and Pullman clay loam, respectively
(USDA-NCRS, 2011). Lubbock was furrow-irrigated, while other
experimental sites were irrigated using sub-surface drip irrigation
(SDI). At Halfway, the SDI system had drip tape spaced at 2 m
in the middle of alternate furrows at 30-cm depth with emitters
spaced at 60 cm. Irrigation for was 1 L min−1 at 0.08 MPa. Target inseason irrigation, accounting for rain was 90% evapotranspiration
(ET) replacement. Reference ET was calculated with weather data
and, and ET was calculated by multiplying cotton crop coefﬁcients
by reference ET, which was calculated with a modiﬁed Penman
Monteith equation (Lascano and Salisbury, 1993).
The experimental design at Lubbock was a randomized block
design (RBD) with three levels of N fertilizer and four replications.
At this station, FiberMax 9170 and PHY 375 WRF (PhytoGen 375
WideStrike and Genuity Roundup Ready Flex) were planted on 20
May 2010 and 23 May 2011, respectively, in 16, 1-m rows that
were 52 m long. In 2010 and at 2011, N fertilizer rates were 0, 67
and 134 kg ha−1 representing zero, intermediate and full N rates as
determined using soil-based tests for recommended yields. The N
was applied as urea ammonium nitrate (UAN) (320 g N kg−1 ) split
in two equal applications on 25 and 60 days after planting (DAP)
2010. The fertilization was followed immediately by irrigation.
The experiment at New Deal was conducted as a factorial
Randomized Incomplete Block Design (RIBD) with three blocks
(replicates), where the zero treatment had only two replications.
The site was planted on 20 May 2010 with Stoneville 5458 (ST 5458)
and FiberMax 9180 (FM 9180) in 8, 1-m row plots that were 180 m
long. There were 3 levels of N fertilizer in New Deal, a zero-N, intermediate N (50 kg ha−1 ) and full N rates (101 kg ha−1 ) determined
as the ﬁrst reﬂectance-based N strategy described in Bronson et al.
(2011). Each block consisted of 8 rows that were supplied by an
individual irrigation and fertilizer injection station. Nitrogen as
urea ammonium nitrate (UAN) (320 g N kg−1 ) was injected through
the SDI for ﬁve weeks starting from 33 to 64 DAP for ﬁve days per
week in twenty ﬁve equal doses until the total rates were achieved.
To ensure optimum pH level of the irrigation water and to avoid
precipitation of calcium carbonate, sulfuric acid (250 g kg−1 H2 SO4 )
was injected continuously into the irrigation water.
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The experimental design at Halfway was randomized complete
block design (RCBD) with ﬁve replicates or blocks. This site was
planted with DP 104 B2RF (Delta Pine 104 Bollgard II RoundupReady Flex) in 16 rows by 37 m plots, on 80-cm row spacing on
14 June 2011. Five rates of N fertilizer used were 0, 56, 112, 168
and 224 kg ha−1 . The N fertilizer was knifed into the soil 10 cm off
the plant row in a one-time UAN application (320 g N kg−1 ) with a
ground applicator on 3 August 2011 (50 DAP).
The N fertilizer trials at the three sites had varying N fertilizer
rates because of independent study objectives, In order to better compare N fertilizer responses among the three sites, we will
restrict the discussion to the zero-N plots at all sites, and to the 134,
101, and 112 kg N ha−1 rates at Lubbock, New Deal, and Halfway,
respectively.

the plastic bag. A corner of the plastic bag was punctured, and the
sap was squeezed out into a small plastic container. A syringe was
used to take up 1 mL of the sap, which was then diluted with 9 mL
of distilled water taken up by the same syringe. The diluted solution was placed on the ﬂat sensor surface between the electrodes,
and readings were taken 30 s after the solution had been placed
on the sensor. The readings were then multiplied by 10 to account
for the dilution. All of the instruments used in these procedures
were washed using distilled water to avoid contamination from
previously processed samples.
The leaf blades were dried at 65 ◦ C for 96 h and ground to 0.5 mm.
In 2010, a LECO FP-528 Protein N Analyzer (LECO Corp., St. Joseph,
MI) was used to perform this analysis, and a LECO Tru-Spec CN
(LECO Corp., St. Joseph, MI) was used in 2011.

2.2. Data collection

2.4. Ground cover estimation

In 2010 and 2011, physiological measurements were taken during the period from squaring until the development of ﬁrst green
bolls (mid to peak bloom). Sampling dates were categorized by cotton plant growth stage: squaring, ﬂowering, and ﬁrst green bolls. In
2010, due to cooler, wetter conditions delaying growth and resulting in larger plants, physiological data were measured from 9 July
to 5 September. In 2011, physiological measurements were made
every two weeks from 28 June to 31 August.
The differences in temperature from 2010 to 2011 had a large
effect on plant development. At Lubbock in 2010, squaring began
at 49 DAP, ﬁrst bloom was evident at 81 DAP, and ﬁrst green bolls
was at 107 DAP. At New Deal, squaring was at 60 DAPs, ﬂowering
at 87 DAP, and the ﬁrst green bolls were at 108 DAP. In 2011, due to
the high heat unit accumulation, the growing season was markedly
shortened. At Lubbock, squaring was at 51 DAP, ﬂowering was at 66
DAP, and the ﬁrst green bolls were at 78 DAP. At Halfway, squaring
was at 36, ﬂowering at 64, and ﬁrst green bolls at 78 DAP.
Plant physiological measurements included plant canopy width
and height (cm), SPAD reading (SPAD units), petiole sap NO3
(g mL−1 ), leaf N (%), and percent ground cover (determined from
overhead photographs). Plant canopy height and width were measured using a standard meter stick. Measurements of plant height
and width were made at 25 locations selected randomly within
each individual plot. Chlorophyll measurements were made using
the Minolta SPAD 502 meter (Minolta Corp., Osaka, Japan) on
recently matured fully expanded leaves harvested from 25 plants.
The petioles from all of the 25 leaves were separated from their
blades immediately, and were stored in an iced cooler for sap NO3
measurement, which was made within eight hours of leaf harvest.
The leaf blades were also kept for leaf total N analysis. Nadir viewing images of the cotton rows were taken using a digital camera
(Eastman Kodak Co., Rochester, NY) attached to an adjustable pole
at approximately 3 m above the plant canopy for use in determining
percent ground cover.
Weather data, including measurements of rainfall, maximum
and minimum air temperature, were obtained from observations
made by the Texas Tech West Texas Mesonet weather station network (http://mesonet@ttu.edu).

To estimate the percent ground cover, images obtained using
a Kodak (Eastman Kodak Company, Rochester, NY) digital camera
were processed using Adobe Photoshop 7.0 (Adobe System Inc., San
Jose, CA). Images were rotated accordingly if the plant rows were
not perpendicular to the bottom or upper edges of the images. A
central portion of each image was cropped to a square area that
extended across one row of plants from the center of one furrow to
the center of next furrow (0.8 m at Halfway, 1 m at Lubbock and New
Deal). The purpose of the cropping was to minimize the effects of
perspective distortion along the edges of the images. Canopy pixels
were selected using the Select Range toolbox function, and manual
editing was performed following the procedure to eliminate volunteer cotton plants, weeds, plant litter or shadows. The number
of pixels representing plant canopy was obtained using the Histogram function. To determine the total number of pixels in the
image, the image size width (pixel) were multiplied with height
(pixel). Finally, the percent ground cover was determined by dividing the number of pixels presenting the plant canopy by the total
number of pixels in the image, and multiplying this value by 100.

2.3. Plant sap NO3 and leaf N analysis

3. Results

Plant sap NO3 measurements were made using a Cardy NO3
Meter (Spectrum Technologies, Inc., Plainﬁeld, IL). A two-point sensor calibration using standardized solutions was performed prior to
NO3 measurement. Sap samples were collected from leaf petioles
on the recently matured fully expanded leaf or the ﬁfth leaf from
the top of each plant. Petioles were removed from leaves in the
ﬁeld and stored in a zip-lock plastic bag. In the lab, the petioles
were carefully crushed using a mortar and pestle, without tearing

3.1. Environmental conditions and irrigation

2.5. Statistical analysis
All three plant N indicator and all three plant parameter data
were tested for N treatment effects (P < 0.05) using the PROC GLIMMIX in SAS Ver. 9.3 (SAS Institute, 2013). This analysis of variance
(ANOVA) was conducted at individual experimental sites and year
as a RBD design. The ANOVA were analyzed by sampling dates
rather than by the entire season, as Buscaglia and Varco (2002)
found that the relationship between leaf reﬂectance and leaf N concentration is signiﬁcantly growth-stage dependent. Replicate was
considered random and N rate ﬁxed. Cultivar was included as a ﬁxed
effect in New Deal in 2010. Simple correlation was performed with
all plant data (leaf N, petiole NO3, SPAD readings, plant height, plant
width, and ground cover) using PROC CORR by date, and also with
pooled season data. Due to the different experimental designs at
the three sites, we did not attempt to performed statistical analysis
across sites.

Growing conditions in 2010 were abnormally wet and cool,
while in 2011 they were extremely dry and hot as compared to historical data (Fig. 1). In 2010, precipitation was above normal prior
to the growing season, and heavy rainfall events also occurred in
April, July and October. In addition, temperatures throughout 2010
were lower than the 10-year average.
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Fig. 1. (a) Monthly average rainfall, Lubbock, TX, (b) Monthly average rainfall, Halfway, TX, (c) monthly average maximum temperature, Lubbock, TX, (d) monthly average
maximum temperature, Halfway, TX (e) monthly average minimum temperature at Lubbock, TX and (f) monthly average minimum temperature at Halfway, TX.
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Table 1
Pearson coefﬁcients of correlation (r) by date between leaf N and: plant height, canopy width and ground cover percent across two N fertilization rates at Lubbock, TX, in
2010 and 2011, New Deal, TX, USA in 2010 and at Halfway, TX, USA in 2011. Number of samples for weekly correlation analysis was 8, 5, 6, and 10 Lubbock (2010), New Deal
(2010) (each cultivars), Lubbock (2011) and Halfway (2011), respectively.
Cultivar, site, year

DAP

FM 9170, Lubbock, 2010

49
54
61
68
81
96
107

ST5458, New Deal, 2010

FM 9180, New Deal, 2010

PHY 375, Lubbock, 2011

DP104, Halfway, 2011

* **

,

Plant height (cm)

Canopy width (cm)

Ground cover (%)

0.88**

0.70*
0.78**
0.65*

0.77**
0.93**

0.71**

0.64*
0.87**

0.95**
0.94**
0.94**
0.87*
0.94**

60
69
87
96
108

0.92**
0.85*
0.98**
0.89**

0.88*
0.81*
0.95**
0.94**

60
69
87
96
108

0.99**
0.93**
0.99**
0.97**
0.98**

0.85*
0.95**
0.91**
0.94**
0.95**

0.92**
0.95**
0.96**
0.99**
0.93**

51
66
79
89

0.77*
0.88**

0.71*
0.84**

0.73*
0.75*

36
51
64
72
78

0.57*
0.71**
0.60*
0.67**

0.69**

0.82**

Signiﬁcant levels (P-value) at 0.05, and 0.01, respectively. DAP is days after planting.

Rainfall and irrigation in Lubbock in 2010 and in 2011, were
213, 220, 42, and 480 mm, respectively. These equaled ET replacement at Lubbock as 90 and 65% in 2010 and 2011, respectively. At
New Deal in 2010, in-season irrigation and rainfall was 196, and
249 mm, respectively, or about 93% of ET. In Halfway in 2011, inseason irrigation and rainfall was 453, and 49 mm, respectively, or
about 75% ET replacement. Weed, pest, and disease pressure was
low at all site-years.

3.2. Plant N indicators
Leaf N was growth stage-dependent, and was also signiﬁcantly
affected by N fertilization (P< 0.05) at all ﬁve cultivar-site-years.
Leaf N content responded positively to and reﬂected the two N fertilizer rates, except for Lubbock in 2011 at 51 DAP (Figs. 2a, 3a, 4a,
5a and 6a). In 2010, leaf N at Lubbock and New Deal (both cultivars) had initially low leaf N at squaring, which increased to reach
a maximum at ﬂowering before decreasing slightly at green bolls
(Figs. 2a, 3a and 4a). In contrast, the leaf N pattern at Lubbock and
Halfway in 2011 was characterized by high leaf N content early
in the season that declined as the season progressed (Figs. 5a and
6a).
Figs. 2b, 3b, 4b, 5b and 6b show the pattern of petiole sap
NO3 readings throughout the growing seasons. The high N treatment resulted in highest petiole sap NO3 contents, followed by the
medium and zero-N treatments. However, petiole NO3 for the Nfertilized plots at Lubbock and Halfway in 2011 began the season at
low levels, compared to the 2010 sites. After squaring, petiole sap
readings for the different N rates started to decline and converged
on similar, low values. In the ﬁrst half of the season, the sap NO3 at
all sites showed a greater N rate effect than did SPAD readings or
leaf N levels. On the other hand, petiole NO3 declined much more

rapidly than did leaf N or SPAD, which limits its late-season utility.
For example, at New Deal, in 2010 petiole NO3 in both cultivars had
gone down to very low level by 86 DAP.
Chlorophyll content, as measured by SPAD meter readings, was
also signiﬁcantly inﬂuenced by the N treatments and growth stages
(P < 0.05). SPAD measurements also reﬂected N rates (Figs. 2c, 3c, 4c,
5c and 6c). Compared to leaf N, SPAD readings showed a smoother
seasonal pattern. At Lubbock (both years) and New Deal (both cultivars), the initially low chlorophyll content increased gradually
as the season progressed, with the maximum readings achieved
at ﬂowering (Figs. 2c, 3c, 4c and 5c). On the other hand, the pattern was reversed at Halfway (2011), chlorophyll content that was
initially high at squaring declined steadily toward plant maturity
(Fig. 6c).

3.3. Plant growth parameters
Plant height, width and ground cover were affected by N treatments and growth stage in both years (Figs. 2d, 3d, 4d, 5d and 6d).
Cotton plants grew taller at Lubbock and New Deal in wet 2010
conditions compared to the dry year at Lubbock and Halfway in
2011. Soil types at Lubbock and New Deal were the same, but the
soil at Halfway had a greater clay content. Never-the-less, it is clear
that the reduced plant height and other growth parameters at Lubbock and Halfway sites in 2011 were due to the deﬁcit irrigation
of 65 and 75% ET replacement, respectively. For all of the cultivars, plant height increased as the season progressed, with the
most rapid growth occurring prior to ﬂowering. After ﬂowering,
growth decreased and plant height remained relatively constant.
Plant height at Lubbock (2010) responded positively to N fertilization rates on 49, 61, 68, and 96 DAP only. At New Deal (2010), plant
heights of two N-fertilized treatments were signiﬁcantly greater
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Table 2
Pearson coefﬁcients of correlation (r) by date between petiole sap NO3 and: plant height, canopy width and ground cover percent across two N fertilization rates at Lubbock,
TX, in 2010 and 2011, New Deal, TX, USA in 2010 and at Halfway, TX, USA in 2011. Number of samples for weekly correlation analysis was 8, 5, 6, and 10 Lubbock (2010),
New Deal (2010) (each cultivars), Lubbock (2011) and Halfway (2011), respectively.
Cultivar, site, year

DAP

FM9170, Lubbock, 2010

49
54
61
68
81
96
107
60
69
87
96
108
60
69
87
96
108
51
66
79
89
36
51
64
72
78

ST5458, New Deal, 2010

FM9180, New Deal, 2010

PHY375, Lubbock, 2011

DP104, Halfway, 2011

* **

,

Plant height (cm)

Canopy width (cm)

Ground cover (%)

0.68*

0.73**
0.79**
0.79**

0.69*
0.74**
0.79**
0.68*

0.67*

0.87**

0.85**

0.86*
0.85*

0.86*

0.94**
0.94**

0.97**
0.85*

0.89**

0.77*
0.83**

0.84**

0.59*

0.63*
0.60*

0.64*

0.89**

0.85**

0.67**

0.96**
0.87*
0.81*

−0.92**

Denote non-signiﬁcant and signiﬁcant levels (P-value) at 0.05, and 0.01, respectively. DAP is Days after planting.

than in the zero-N plots at all DAP. In 2011, plant heights at Lubbock
were signiﬁcantly different for all N treatments at 66 and 79 DAP
only. Plant height at Halfway (2011) showed signiﬁcant N effects
only after 66 DAP.
Canopy width showed a similar seasonal and N rate pattern to
plant height (Figs. 2d, 3d, 4d, 5d and 6d). Although the general pattern was that canopy width increased steadily as plants matured,
rapid increases in canopy width were observed at squaring (69 DAP
in 2010 and 66 DAP in 2011). Canopy width reached a temporary
maximum at ﬂowering before increasing again at green bolls, due
to the spreading of branches under the weight of bolls as they were
produced and ﬁlled. Plots with high N rates produced wider plants
that zero-N plots. The maximum canopy width in 2011 was onethird shorter than the maximum canopy width in 2010, reﬂecting
the greater water deﬁcit in 2011. In 2010, the maximum canopy
width at Lubbock and New Deal (both cultivars) ranged from 97.6
to 107.1 cm. However, the maximum width at Lubbock and Halfway
in 2011 were only two-third of the width in 2010, which were 60.3
and 61.5 cm. Reduced canopy width in 2011, as discussed above
for plant height was likely due to drought, and less to other factors
such as cultivars or soil type.
Of all physiological plant parameters measured, ground cover
illustrated the most consistent trend among the sampling dates
(Figs. 2f, 3f, 4f, 5f and 6f). Ground cover measured at the two N
rates at all stations were signiﬁcantly different from each other
at most of the sampling dates, except for 49 (2010) and 51 DAP
(2011) at Lubbock. As the season progressed, ground cover steadily
increased, with a smoother pattern than canopy width. Plots receiving the high N rate showed a gradual increase in ground cover
throughout the growing season. For the zero N rate, this increase
was smaller. Similar to the pattern observed in canopy width,
maximum ground cover in 2011 was considerably lower than in
2010. Maximum ground cover (58 and 68 cm) in 2011 at both
Lubbock and Halfway was only three-quarter of the maximum
ground cover (82.2 to 89.4 cm) in 2010 at Lubbock and New Deal

(both cultivars). The hot, dry weather that had caused water deﬁcit
conditions in 2011 clearly affected ground cover at Lubbock and
Halfway.
3.4. Correlations among plant N indicators and growth
parameters
Leaf N had large positive correlations with the three plant
parameters at many of the dates sampled in the ﬁve cultivar-siteyears (Table 1). Canopy width and ground cover were positively
related to leaf N at more sampling dates than plant height. The
SDI-irrigated cultivars at New Deal in 2010 had the most frequent
number of dates with high correlations.
Petiole NO3 correlations with plant parameters were less common than with leaf N (Table 2). The furrow-irrigated Lubbock site in
2010 had many dates of positive correlations between petiole NO3
and canopy width and ground cover, and few with plant height.
Ground cover was negatively related to petiole NO3 at 51 DAP in
Lubbock.
SPAD readings correlations with plant parameters were similar to those of leaf N, with more correlations at sampling dates at
Lubbock in 2010 (Table 3). Ground cover was negatively related to
SPAD readings at 51 DAP in Lubbock, 2011, as petiole NO3 was.
Correlation analysis between plant N indicators and plant
parameters was also performed by pooling the data across sampling
dates for each of the ﬁve cultivar-site-years (Tables 4–6). Seasonwide correlation between leaf N was positive for the three 2010
cultivar-sites, and was negative for the two 2011 sites (Table 4).
Petiole NO3 had few correlations with plant parameters across
the season, with the exception of the negative correlations with
plant height, canopy width, and ground cover at Halfway in 2011
(Table 5).
SPAD readings had positive season-wide correlations with all
three plant parameters for Lubbock and New Deal in 2010 (Table 6).
Weaker positive correlations were observed at Lubbock in 2011
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Table 3
Pearson coefﬁcients of correlation (r) by date between SPAD readings and: plant height, canopy width and ground cover percent across two N fertilization rates at Lubbock,
TX, in 2010 and 2011, New Deal, TX, USA in 2010 and at Halfway, TX, USA in 2011. Number of samples for weekly correlation analysis was 8, 5, 6, and 10 Lubbock (2010),
New Deal (2010) (each cultivars), Lubbock (2011) and Halfway (2011), respectively.
Cultivar, site, year

DAP

FM 9170, Lubbock, 2010

49
54
61
68
81
96
107
60
69
87
96
108
60
69
87
96
108
51
66
79
89
36
51
64
72
78

ST5458, New Deal, 2010

FM 9180, New Deal, 2010

PHY 375, Lubbock, 2011

DP104, Halfway, 2011

* **

,

Plant height (cm)

0.78**

0.91**
0.90**
0.98**
0.95**
0.94**
0.94**
0.96**
0.83*
0.94**

Ground cover (%)

0.73**
0.84**
0.81**
0.68*
0.63*

0.75**
0.77**
0.70*
0.81**
0.74**

0.92**
0.87*
0.81*
0.95**
0.83*
0.94**
0.93**
0.95**
0.92**
0.96**
−0.74*

0.89**
0.96**
0.93**
0.93*
0.84*
0.83*
0.96**
0.96**
0.98**
0.90**
−0.81*
0.91**

0.68**

0.74**

0.83**

0.62*

0.71**

Denote signiﬁcant levels (P-value) at 0.05, and 0.01, respectively. DAP is Days after planting.

Table 4
Pearson coefﬁcients of correlation (r) for all dates between leaf N and: plant height,
canopy width and ground cover percent across two N fertilization rates at Lubbock, TX, in 2010 and 2011, New Deal, TX, USA in 2010 and at Halfway, TX, USA in
2011. Number of samples for pooled correlation analysis was 50, 25, 30, and 50 Lubbock (2010), New Deal (2010) (each cultivars), Lubbock (2011) and Halfway (2011),
respectively.
Cultivar, site, year

Plant
height (cm)

Canopy
width (cm)

Ground
cover (%)

FM 9170, Lubbock, 2010
ST5458, New Deal 2010
FM 9180, New Deal, 2010
PHY 375, Lubbock, 2011
DP104, Halfway, 2011

0.53**
0.77**
0.80**
−0.62**
−0.75**

0.47**
0.60**
0.56**
−0.46**
−0.69**

0.61**
0.82**
0.85**
−0.42V*
−0.67**

* **
, Denote non-signiﬁcant and signiﬁcant levels (P-value) at 0.05, and 0.01, DAP is
Days after planting.

Table 5
Pearson coefﬁcients of correlation (r) for all dates between petiole sap NO3 and:
plant height, canopy width and ground cover percent across two N fertilization rates
at Lubbock, TX, in 2010 and 2011, New Deal, TX, USA in 2010 and at Halfway, TX,
USA in 2011. Number of samples for pooled correlation analysis was 50, 25, 30, and
50 Lubbock (2010), New Deal (2010) (each cultivars), Lubbock (2011) and Halfway
(2011), respectively.
Cultivar, site, year

Plant
height (cm)

FM 9170, Lubbock, 2010
ST5458, New Deal, 2010
FM 9180, New Deal, 2010
PHY 375, Lubbock, 2011
DP104, Halfway, 2011

−0.25

* **

Canopy width (cm)

Canopy
width (cm)

Ground
cover (%)

between SPAD readings and plant height and width. A small negative correlation was noted between SPAD readings and plant height
at Halfway in 2011.
4. Discussion
Plant responses to N treatments were considerably different in
2010 and 2011. The main factor causing this difference was the
weather. In weather years that are closer to the long-term averages in terms of temperatures and rain, irrigated cotton farmers in
West Texas can grow high-producing crops under a modest deﬁcit
irrigation. Limited well capacities meant that in the unusually hot
and dry 2011 growing season, these deﬁcits (in our case 65 to
75% ET replacement) were severe and cotton growth was poor. In
2010, in which water was not a limiting factor, the effects of N
fertilizer were strong and consistent between the zero-N and Nfertilized plots. The effects were more pronounced in the plant N
indicators, especially leaf N and SPAD readings. In 2011, the weaker

Table 6
Pearson coefﬁcients of correlation (r) for all dates between SPAD readings and: plant
height, canopy width and ground cover percent across two N fertilization rates at
Lubbock, TX, in 2010 and 2011, New Deal, TX, USA in 2010 and at Halfway, TX,
USA in 2011. Number of samples for pooled correlation analysis was 50, 25, 30, and
50 Lubbock (2010), New Deal (2010) (each cultivars), Lubbock (2011) and Halfway
(2011), respectively.
Cultivar, site, year

Plant
height (cm)

Canopy
width (cm)

Ground
cover (%)

FM 9170, Lubbock, 2010
ST5458, New Deal, 2010
FM 9180, New Deal, 2010
PHY 375, Lubbock, 2011
DP104, Halfway, 2011

0.78**
0.87**
0.92**
0.37*
−0.27*

0.84**
0.91**
0.87**
0.54**

0.82**
0.87**
0.87**

*

−0.35**

−0.48**

−0.30**

, Denote non-signiﬁcant and signiﬁcant levels (P-value) at 0.05, and 0.01, respectively. DAP is Days after planting.

* **
, Denote non-signiﬁcant and signiﬁcant levels (P-value) at 0.05, and 0.01, respectively. DAP is Days after planting.
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Fig. 2. Plant N status indicators and plant growth measures as affected by N fertilizer for cotton cultivar FM 9170 at Lubbock, TX, USA, 2010. (a) leaf N, (b) petiole sap NO3 ,
(c) SPAD readings, (d) plant height, (e) canopy width, and (f) percent ground cover.

differences among the N treatments, and the low plant height,
width, and ground covers, reﬂected the greater water deﬁcit. Burke
and Wanjura (2010) reported that, under high air temperatures,
leaf area index, plant height and dry matter accumulation were
less. Under the limiting water condition, leaf biomass expressed as
ground cover is also reduced, due to limited leaf expansion and
growth (Radin and Mauney, 1986).Water deﬁcits in West Texas
cotton production lower yield and limit the response to N fertilizer (Bronson et al., 2001). In the wet year of 2010, plant growth
parameters were notably larger in the SDI-irrigation at New Deal
compared to Lubbock. This reﬂects slightly larger ET replacement
and the greater efﬁciency of SDI to furrow irrigation (Mateos et al.,
1991). The similarity between the cultivars FM 9170 and FM 9180
make this a fair comparison.
One of our objectives was to compare plant N status indicators.
Examining the magnitude of the differences in readings between
the zero-N and the N fertilized plots is useful. The N rates among the
sites were similar enough to make comparisons. Generally speaking, leaf N and petiole NO3 had similar relative differences between
zero-N and fertilized plots. These N effects for petiole NO3 were
larger than N effects for leaf N at Lubbock, 2010 (Fig. 2), and Lubbock 2011 (Fig. 5). A marked difference in the plant N measures
is that petiole NO3 declines very rapidly compared to leaf N or
SPAD readings. At New Deal in 2011, petiole NO3 had crashed by
early bloom (Figs. 3 and 4). This greatly reduces the usefulness of
petiole NO3 . Yabaji et al. (2009) reported that N fertilizer applications in SDI-irrigated cotton in West Texas are not effective after
mid-bloom.
SPAD meter readings were also good indicators of N status in
these studies. In Lubbock, 2010, SPAD meter readings showed a

smoother seasonal trend than leaf N or petiole NO3 . However at
that site-year, SPAD readings did not show a signiﬁcant N effect
at squaring as leaf N and petiole NO3 did. Wiedenfeld et al. (2009)
and Bronson et al. (2001), reported that N effects exhibited in the
SPAD readings could be confounded by variations in to soil moisture. In Lubbock, 2011, SPAD readings and leaf N both did not show
a signiﬁcant N effect at squaring, but petiole NO3 did. However, in
that site year, plant growth was stunted due to drought, and it is
unlikely that N fertilizer was needed. Therefore, the application of
N fertilizer under the dry soil conditions of 2011 offered less beneﬁt
because of the limited plant uptake (Zelinski, 1996).
Another objective of this study was to assess the effect of the
three plant growth parameters on the three plant N indicators.
The pooled correlation analysis can assist us here. With the exception of Halfway, 2011, petiole NO3 was the N measure that was
least sensitive to plant growth parameters (Table 5). Leaf N and
SPAD readings were mostly positively correlated with plant height,
canopy width and ground cover (Tables 4 and 6). The negative correlations between leaf N and the three plant parameters at Lubbock
and Halfway in 2011 was because leaf N in the dry year never
increased early in the season, but just declined season long (Table 4
and Figs. 5 and 6). The same trend and explanation applied to the
negative correlation between petiole NO3 and plant parameters in
Halfway in 2011 (Table 5 and Fig. 6). In the normal rainfall 2010
year, leaf N showed the expected latter-season decline from a midseason maximum (Figs. 2–4). The large boll loads we noted visually
for both cultivars at New Deal in 2010 likely contributed to this
as N is mobilized from leaf to seed. Curiously, SPAD readings only
declined late season for ST 5458 in New Deal, but not with FM 9180
in New Deal or with FM 9170 in Lubbock. This also raises the issue
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Fig. 3. Plant N status indicators and plant growth measures as affected by N fertilizer fr cotton cultivar ST 5458 at New Deal, TX, USA, 2010. (a) leaf N, (b) petiole sap NO3 ,
(c) SPAD readings, (d) plant height, (e) canopy width, and (f) percent ground cover.

Fig. 4. Plant N status indicators and plant growth measures as affected by N fertilizer for cotton cultivar FM 9180 at New Deal, TX, USA, 2010. (a) leaf N, (b) petiole sap NO3 ,
(c) SPAD readings, (d) plant height, (e) canopy width, and (f) percent ground cover.
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Fig. 5. Plant N status indicators and plant growth measures as affected by N fertilizer for cotton cultivar PHY 375 WRF at Lubbock, USA, 2011. (a) leaf N, (b) petiole sap NO3 ,
(c) SPAD readings, (d) plant height, (e) canopy width, and (f) percent ground cover.

Fig. 6. Plant N status indicators and plant growth measures as affected by N fertilizer for cotton cultivar DP 104 B2RF at Halfway, TX, USA, 2011. (a) leaf N, (b) petiole sap
NO3 , (c) SPAD readings, (d) plant height, (e) canopy width, and (f) percent ground cover.
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of cultivar effects on the plant N indicators. Our best comparison is
at New Deal in 2010. There it is noted that the SPAD meter readings
for ST5458 were greater than for FM 9180, and the plant heights
values were the opposite. Plant heights at all sites leveled off during ﬂowering, and leaf declined as N is mobilized to the seed. We
did not assess boll number or ﬁnal lint or seed yield in this study.
In practice boll load (i.e. number and size) is an important plant
parameter that impacts N and water requirements, but it is not as
easily and rapidly assessed as plant height, plant width and ground
cover.
5. Conclusions
Nitrogen fertilizer response was similar among the plant N indicators leaf N, petiole-NO3 and SPAD readings. Response to N in plant
N indicators and plant parameters was greatest in the wet 2010
season compared to the dry 2011 season. Plant height and petiole
NO3 was markedly lower in the 2011 drought season. Pooled across
the entire growing seasons, leaf N and SPAD readings both had
high positive correlation with plant parameters. The exception was
the strong negative correlation between leaf N, petiole-NO3 and all
plant measures in Halfway in 2011. In that site-year, plant height
and crop width were low due to drought, and the absence of an N
fertilizer effect meant that low petiole NO3 was not a useful measure. Low readings of petiole NO3 in many cases would preclude
use of that measure for late-season N management. In conclusion,
information on plant measures such as height and cover and width
are valuable data to be considered on concentration-based plant N
status indicators.
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